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Background: Radiographic measures of osteoarthritis (OA) are based upon two dimensional projection
images. Active appearance modelling (AAM) of knee magnetic resonance imaging (MRI) enables accu-
rate, 3D quantiﬁcation of joint structures in large cohorts. This cross-sectional study explored the rela-
tionship between clinical characteristics, radiographic measures of OA and 3D bone area (tAB).
Methods: Clinical data and baseline paired radiographic and MRI data, from the medial compartment of
one knee of 2588 participants were obtained from the NIH Osteoarthritis Initiative (OAI). The medial
femur (MF) and tibia (MT) tAB were calculated using AAM. ‘OA-attributable’ tAB (OA-tAB) was calculated
using data from regression models of tAB of knees without OA. Associations between OA-tAB and
radiographic measures of OA were investigated using linear regression.
Results: In univariable analyses, height, weight, and age in female knees without OA explained 43.1%,
32.1% and 0.1% of the MF tAB variance individually and 54.4% when included simultaneously in a
multivariable model. Joint space width (JSW), osteophytes and sclerosis explained just 5.3%, 14.9% and
10.1% of the variance of MF OA-tAB individually and 17.4% when combined. Kellgren Lawrence (KL) grade
explained approximately 20% of MF OA-tAB individually. Similar results were seen for MT OA-tAB.
Conclusion: Height explained the majority of variance in tAB, conﬁrming an allometric relationship
between body and joint size. Radiographic measures of OA, derived from a single radiographic projection,
accounted for only a small amount of variation in 3D knee OA-tAB. The additional structural information
provided by 3D bone area may explain the lack of a substantive relationship with these radiographic OA
measures.
© 2014 The Authors. Published by Elsevier Ltd and Osteoarthritis Research Society International. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.
0/).Introduction
Osteoarthritis (OA) causes pain and disability and has a pro-
found impact on individuals and health economies alike. This
impact is destined to increase in our ageing and increasingly obese
population1e3. Until recently, structural modiﬁcation trials have
depended on conventional radiography to deﬁne both the OA
phenotype for participant inclusion and for assessing structural
progression. Conventional radiography is less sensitive and speciﬁc.G. Conaghan, Leeds Institute
llerton Hospital, Chapeltown
113-3924991.
ghan).
r Ltd and Osteoarthritis Research Sin detecting structural pathology and structural progression than
magnetic resonance imaging (MRI)4,5. MRI is therefore increasingly
used to provide assessment of OA pathology. Another advantage of
MRI is that its three dimensional data can be harnessed to provide
quantiﬁcation of important tissues using manual segmentation6e9,
or automated analysis techniques such as active appearance
modelling (AAM) that enables relatively rapid, accurate quantiﬁ-
cation of large datasets10e12.
Modern imaging approaches recognise that OA is a whole joint
disease which may involve multiple tissues which confer different
phenotypes13; subchondral bone in particular is integral to the
pathogenesis and progression of OA13,14. In particular, the area of
subchondral bone at the femorotibial articulation is larger in OA
knees than healthy controls and correlates with knee joint space
narrowing, osteophytes and Kellgren Lawrence (KL) grade afterociety International. This is an open access article under the CC BY-NC-ND license
Fig. 1. Anatomical Bone areas: LF (lateral femur), MF (medial femur), MT (medial tibia),
LT (lateral tibia), MP (medial patella), LP (lateral patella), LatPF (lateral trochlear),
MedPF (medial trochlear).
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While the severity of conventional radiographic OA may correlate
with 3D subchondral bone area expansion, the additional value of
bone area expansion of OA and the extent to which radiographic
measures explain variation in this is unknown. Height, weight,
gender and age are determinants of bone area in healthy
knees12,15,16. Therefore the objective of this study was to determine
the bone area expansion attributable to OA and then establish what
proportion of the variation of this is explained by radiographic
measures of knee OA (metric joint space width, osteophyte grade,
subchondral sclerosis grade).
Methods
Data used in the preparation of this cross-sectional analysis
were obtained from the NIH Osteoarthritis Initiative (OAI) database,
which is available for public access at http://www.oai.ucsf.edu/.
This is a database of a multi-centre, prospective, longitudinal
observational study of knee OA including approximately 4796
participants17. Knee radiographs and knee MRI scans were per-
formed at baseline for all participants.
Our main subsample of knees was selected from those with
available KL and other radiographic OA measure scoring from the
central Boston University reads of plain ﬁlms in the OAI. The
availability of osteophyte and subchondral sclerosis scores was
limited to knees of individuals who have had conﬁrmed presence of
radiographic OA (KL grade 2) in either knee at any time point.
Participants without available KL, osteophyte and subchondral
sclerosis grade data were excluded and the knee with the highest
KL grade for each participant was selected. When the grades for
both knees were the same, the right kneewas chosen. BaselineMRI,
radiographic and clinical data were included. A second subsample
of ‘normal’ knees was selected in order to establish a formula for
predicting ‘normal’ bone area based upon height, weight, age and
gender. From the whole OAI cohort only knees were included with
KL and WOMAC scores of zero at baseline, 1, 2 and 4 year time
points and the absence of any historic OA knee symptoms prior to
baseline.
MRI sequences collected in the OAI are described in detail by
Peterfy and colleagues18. The current study utilised the double-
echo-in-steady-state sequence (DESS-we) of the Siemens 3T trio
systems18. A training set of 96 knee MRIs, using the DESS-we
sequence, were used to build active appearance models for the
tibia and femur12. This training set was selected to contain exam-
ples of each stage of OA with approximately equal numbers of
knees fulﬁlling each KL grade. The mean bone shape had anatom-
ical regions outlined as described previously (Fig. 1)19. We used a
deﬁnition of the area of subchondral bone or ‘tAB’ similar to that
designated by a nomenclature committee20. However this deﬁni-
tion was modiﬁed to include bone (‘peripheral osteophytes’) from
around the cartilage plate. The boundary between the medial fe-
mur (MF)/medial trochlear femur and the lateral femur/lateral
trochlear femur boundary in the femur was deﬁned as a line on the
bone corresponding to the anterior edge of the medial or lateral
meniscus, and extended smoothly to the edge of the tAB. Active
appearance models were used for the calculation of tAB from knee
MRIs which measured the undulating 3D surface of bone. The
surface area of the 3D subchondral bone (tAB) was measured in
mm2.
The medial compartment of the tibiofemoral joint was selected
to compare medial MF tAB and medial tibia (MT) tAB with medial
joint radiographic measures on the basis that this compartment is
more frequently affected.
The following baseline radiographic OA measures were selected
and divided into three non-KL (OARSI and metric) measures and KLgrade: metric minimum joint space width (mJSW) of the medial
compartment on continuous scale, subchondral sclerosis score of
theMF or MT (OARSI categorical scale 0e3), osteophyte score of the
MF or MT (OARSI categorical scale 0e3), KL grade (categorical scale
0e4). These assessments were provided by the OAI. A semi-
automated tool, shown to be as sensitive as manual measures,
was used tomeasure mJSW21,22. Further details of the methodology
for these assessments is available23.
Clinical baseline characteristics, provided by the OAI, included
the known important clinical risk factors for knee OA: age, gender,
weight, height and ethnicity and goniometer-measured knee
alignment3,24,25. It was this existing clinical knowledge, not a data-
driven strategy, that guided the selection of covariates for statistical
modelling.Statistical analysis
Statistical analysis was conducted using STATA software, version
12 (College Station, TX, 2009). For categorical socio-demographic
variables, chi-square tests were performed comparing partici-
pants with radiographic OA and those without radiographic OA.
Alignment was trichotomised into extreme valgus (<6) inter-
mediate alignment (6 to 6; reference category) and extreme
varus (>6).
To establish which covariates might operate as potential con-
founders, mediators or competing exposures in the multivariable
regression analyses exploring the amount of variation explained by
radiographic measures, a causal path diagram was constructed in
the form a Directed Acyclic Graph (DAG)26.This was drawn from
established and hypothesized functional relationships between
bone area and each covariate. No non-causal structural association
between the radiographic exposure and the bone area outcomewas
identiﬁed (Appendix Fig. 4). The beneﬁt of this approach is that it
provides an explicit a priori model of the postulated relationships
between the exposure, outcome variables and each of the available
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veriﬁcation of the statistical analyses and results in appropriate
adjustment and the most parsimonious model being chosen
without the risk of over adjustment and thus reduction of statistical
power which would otherwise occur.
The ﬁrst analyses used the ‘normal’ subsample to obtain esti-
mates of what normal bone area should be in the normal popula-
tion. These estimates were obtained by modelling bone area with
height, weight and age, stratiﬁed by sex thereby producing esti-
mates that accounted for the sex differences in bone area. Having
obtained the estimates, predicted bone area could be calculated for
each of the 2588 knees in the main subsample.
Bone area (MF) ¼ intercept þ (A)(HEIGHT) þ
(B)(WEIGHT) þ (C)(AGE) þ ε
This was subtracted from the measured bone area (tAB) in each
of the 2588 knees to provide the area of bone attributable to OA
(OA-tAB).
Multivariable linear regressionmodels were then constructed to
determine the proportion of OA-tAB for MF and MT that could be
explained by either non-KLmeasures of radiographic damage (joint
space width (JSW), sclerosis, osteophytes) or KL grade. Although
the methods of scoring non-KL measures of damage are different to
that included in the KL scoring system, they measure similar pa-
thology therefore models did not include both to avoid multi-
collinearity. These models were adjusted for alignment and
ethnicity in different combinations and at each stage.
For univariable analyses two-tailed P-values have been pre-
sented (P < 0.05 was considered evidence of association without
adjustment for multiplicity); for multivariable analyses 95% conﬁ-
dence intervals have been provided to give an indication of sig-
niﬁcance at the 5% level. However due to the large sample size we
have considered both statistical signiﬁcance and the associated
improvement in R-squared when reporting which variables were
associated with tAB to a substantive extent. Normality of residuals
and homoscedasticity of errors was assessed using residual diag-
nostic plots as well as formal tests of heteroscedasticity (White's
test and BreuschePagan test) and underlying assumptions of a
Gaussian distribution and homoscedasticity were met.Fig. 2. Participant ﬂow diagram for the ‘normal’ knee subsample.Results
Of the 4796 participants in the OAI database 131met our criteria
for ‘normal’ knees (Fig. 2). Mean age was 60 years and 58% were
female with 12% being obese (BMI greater than 30 kg/m2). Of the
4796 participants in the OAI database, 4490 had KL data available.
After applying the inclusion criteria for selection of our main sub-
sample, 2588 (57%) knees had radiographic and clinical data
available for analysis (Fig. 3). Mean age was 61 years and 58% were
female with 37% being obese.Models of the ‘normal’ knee subsample with clinical data
When considering the clinical covariates stratiﬁed by sex,
height, weight, and age in males explained 22.5%, 21.6%, and 3.5% of
the MF tAB variance respectively in univariable analyses (results
not shown). In females these clinical covariates explained 43.1%,
32.1% and 0.1% of the MF tAB. Similar values were identiﬁed for MT
tAB. The greatest variance in tAB was explained by height in both
medial compartment models in both sexes. When all the clinical
covariates were entered in the model they explained 26.6% and
28.9% variance in MF and MT tAB respectively for males (Tables I
and II), while in females they accounted for 54.4% and 53.7% in
MF and MT tAB respectively (Tables I and II).
In general, taller and heavier individuals had greater tAB. Fe-
males were more likely to have smaller tAB having adjusted for
height and weight compared to males and evidence of a linear
relationship between age and tAB was observed.Models with OA-attributable bone area
In univariable analysis both varus and valgus alignment tended
to be associated with larger bone area, and explained 2% and 1.2% of
the variation in MF OA-tAB and MT OA-tAB respectively (Model 2:
Tables III and IV). Having adjusted for radiographic measures
(Models 7 & 8: Tables III and IV) extreme valgus alignment was not
consistently associatedwith differences in bone area to a signiﬁcant
degree.Fig. 3. Participant ﬂow diagram for the main subsample.
Table I
Associations between MF bone area and selected clinical variables in non-exposed group
MF Male model Female model
Coefﬁcient (95% CI), signiﬁcance R-squared Coefﬁcient (95% CI), signiﬁcance R-squared
Clinical characteristic
Height 1.01 (0.14, 1.89) P ¼ 0.023
0.266
1.79 (1.21, 2.38) P < 0.001
0.544Weight 4.27 (0.45, 8.10) P ¼ 0.029 6.47 (3.38, 9.58) P < 0.001
Age 0.84 (4.55, 6.24) P ¼ 0.755 2.24 (1.46, 5.95) P ¼ 0.231
Table II
Associations between MT bone area and selected clinical variables in non-exposed group
MT Male model Female model
Coefﬁcient (95% CI), signiﬁcance R-squared Coefﬁcient (95% CI), signiﬁcance R-squared
Clinical characteristic
Height 0.50 (0.03, 0.98) P ¼ 0.039
0.289
0.83 (0.55, 1.10) P < 0.001
0.537Weight 2.79 (0.71, 4.87) P ¼ 0.010 3.14 (1.67, 4.61) P < 0.001
Age 0.44 (2.50, 3.38) P ¼ 0.767 1.19 (0.57,2.95) P ¼ 0.182
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basis, JSW, osteophytes and sclerosis were each signiﬁcantly asso-
ciated with MF OA-tAB, however each explained just 5.3%, 14.9%
and 10.1% of the variance of MF OA-tAB (results not shown). Higher
grades for osteophytes and sclerosis were associated with larger
bone areas, whilst wider joint spaces were associated with smaller
bone areas. In the univariable MT OA-tAB models, the variance
explained by JSW, osteophytes and sclerosis was 6.0%, 10.1% and
8.3% respectively.
When entered simultaneously into a model that did not adjust
for alignment, the non-KL radiographic variables were associatedTable III
Multivariable associations between OA-attributable MF area and radiographic variables
MF Model 2 Model 3 Model 4 Mode
Clinical alignment
Less than 6 39.58
(6.44, 72.73)
71.59
(30.84, 112.33)
8.09
(30
Greater than 6 146.53
(111.49, 181.58)
131.78
(89.61, 173.96)
158.1
(116.
Radiographic variables
JSW 2.92 (5.21, 11.06) 33.17
(38.69, 27.64)
Osteophytes
Grade 1 12.58 (8.55, 33.70) 23.98
(3.90
Grade 2 58.89 (29.75, 88.02) 90.39
(63.4
Grade 3 193.38 (166.87, 219.90) 240.2
(217.
Sclerosis
Grade 1 0.17 (24.72, 24.38)
Grade 2 89.53 (55.95, 123.11)
Grade 3 171.52 (109.59, 233.44)
KL grade
Grade 1
Grade 2
Grade 3
Grade 4
R-squared 0.02 0.174 0.067 0.172
Model F (P¼) 36 (P < 0.001) 70 (P < 0.001) 52 (P < 0.001) 93 (Pwith OA-tAB independently of each other, but accounted for just
17.4% and 12.9% of the variance in MF and MT OA-tAB respectively
(Model 3: Tables III and IV). In the MF OA-tAB model some counter-
intuitive trends were observed such as a wider JSW being associ-
ated with a larger bone area.
Adjusting for alignment, when entered individually JSW,
osteophytes and sclerosis were still independently associated with
OA-tAB in the expected direction, and explained an additional 6.7%,
17.2.% and 11.5% of MF OA-tAB variance (Models 4, 5 & 6: Table III).
When entered simultaneously the radiographic variables explained
18.7% of MF OA-tAB variance having adjusted for alignment (Modell 5 Model 6 Model 7 Model 8
.87, 47.05)
53.37
(13.06, 93.68)
17.21 (22.44, 56.87) 3.04 (32.91, 26.84)
8
53, 199.84)
124.89
(81.09, 168.70)
131.39 (88.97, 173.81) 82.54 (50.79, 114.29)
3.91 (4.24, 12.05)
, 44.06)
13.52 (7.53, 34.57)
4, 117.35)
59.56 (30.44, 88.68)
8
65, 262.92)
195.92 (169.36, 222.49)
24.55
(3.12, 45.99)
0.23 (24.66, 24.20)
157.30
(134.30, 180.30)
83.74 (50.32, 117.18)
276.89
(225.62, 328.15)
147.19 (85.14, 209.25)
32.20 (13.52, 50.88)
66.42 (50.91, 81.93)
170.33 (153.03,187.63)
375.86 (349.88, 401.74)
0.115 0.187 0.209
< 0.001) 58 (P < 0.001) 60 (P < 0.001) 161 (P < 0.001)
Table IV
Multivariable associations between OA-attributable MT area and radiographic variables
MT Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8
Clinical Alignment
Less than 6 4.25
(11.07, 19.57)
20.46
(1.82, 39.09)
5.80 (12.71, 24.30) 12.53 (6.28, 31.35) 10.06 (8.79, 28.91) 10.66 (24.96, 3.65)
Greater than 6 60.72
(44.52, 76.91)
52.43
(33.14, 71.72)
52.00 (31.97, 72.05) 51.54 (30.95, 71.93) 44.82 (24.47, 65.17) 37.00 (21.80, 52.20)
Radiographic variables
JSW 2.93 (6.80, 0.93) 16.69
(19.22, 14.16)
2.87 (6.76, 1.02)
Osteophytes
Grade 1 15.47 (5.37, 25.58) 22.56 (13.32, 31.81) 15.26 (5.16, 25.37)
Grade 2 48.20 (32.61, 63.80) 67.91 (54.51, 81.32) 46.65 (31.04, 62.26)
Grade 3 98.60 (78.49, 118.72) 128.28 (111.85, 144.72) 96.14 (76.02, 116.25)
Sclerosis
Grade 1 7.93 (3.48, 19.35) 23.28 (13.42, 33.15) 8.54 (2.87, 19.97)
Grade 2 26.08 (10.32, 41.84) 63.20 (52.39, 74.01) 24.71 (8.96, 40.46)
Grade 3 45.07 (15.95, 74.20) 113.66 (91.69, 135.63) 38.42 (9.15, 67.68)
KL grade
Grade 1 14.76 (5.82, 23.71)
Grade 2 15.56 (8.13, 22.99)
Grade 3 62.04 (53.76, 70.33)
Grade 4 138.47 (126.08, 150.87)
R-squared 0.012 0.129 0.083 0.128 0.104 0.135 0.147
Model F (P¼) 27 (P < 0.001) 49 (P < 0.001) 66 (P < 0.001) 66 (P < 0.001) 53 (P < 0.001) 41 (P < 0.001) 106 (P < 0.001)
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and the non-KL radiographic variables the association between JSW
and OA-tAB was reduced in magnitude, to the extent that it did not
differ signiﬁcantly from zero. Similarly in Model 7 the differences in
OA-tAB between knees with sclerosis grades 1e3 and those
without sclerosis were reduced compared to Model 6, although
grades 2 & 3 still differed from grade 0. The coefﬁcients for osteo-
phyte grades 1, 2 & 3 remained comparatively stable between
Models 5 & 7.
Adjusting for alignment, JSW, osteophytes and sclerosis
explained an 8.3%, 12.8% and 10.4% MT OA-tAB variance individu-
ally (Models 4, 5 & 6: Table IV); when entered simultaneously they
explained approximately 13.5% of variance in MT OA-tAB (Model 7:
Table IV). Similar trends to those found for MF OA-tAB were
observed in the differences in the non-KL radiographic variable
coefﬁcients between Models 4e6 and Model 7.
When using the KL grade on a univariable basis, grades 1e4
were associated with greater OA-tAB compared to grade 0; the
higher the grade, the greater the difference (results not shown).
Having adjusted for alignment, (Model 8: Tables III and IV) the
differences were slightly reduced in magnitude for KL3 and KL4,
but KL remained independently associated with both MF and MT
OA-tAB. Compared to the model in which the non-KL radiographic
variables were entered simultaneously whilst adjusting for clinical
variables (Model 7: Tables III and IV), the adjusted KL model
explained slightly more variance for both MF OA-tAB (adjusted R2
KL ¼ 0.209 vs non-KL ¼ 0.187) and MT OA-tAB (adjusted R2
KL ¼ 0.147 vs non-KL ¼ 0.135) but the differences were not
substantive.Discussion
This cross-sectional analysis is the ﬁrst to establish the pro-
portion of OA-attributable tAB variance explained by a compre-
hensive set of traditional radiographic measures of OA using
automated imaging analysis technology in a large OA cohort. The
accuracy of the relationship between radiographic OA and tAB is
uniquely describedwith the use of 3D images of knee bones and thelowest coefﬁcient of the variance of tAB measurement, in the
published literature, of less than 1%12.
When considering the regression models of ‘normal’ knees the
largest proportion of variance in tAB in the current study was
described by participant height for both MF and MT tAB. This
allometric relationship has previously been described in young
healthy individuals with normal knee joints using manual seg-
mentation of knee MRIs and multi-linear regression modelling16.
We similarly observed that this allometric relationship explained a
greater proportion of variance in tAB in females.
Tibial tAB has been reported to signiﬁcantly correlate with
increasing age in healthy populations27,28. A similar relationship
has been described both in populations with knee OA and in
healthy participants, although this correlation signiﬁcantly reduced
in magnitude after adjusting for the presence of radiographic OA,
suggesting tAB enlargement is directly relevant to OA29. In our
analysis of a population with normal knees a linear relationship
between tAB and age was also noted. However this association was
not considered substantive; age explained only 0.1% of the variance
in tAB and thus may only be a minor determinant of tAB.
Gender appeared to explain a large amount of the variance of
tAB in our analysis. However the magnitude decreased substanti-
vely when adjusted for height. Similar gender differences in height
have been observed in patients with healthy knees which accounts
for the large proportion of tAB variance explained by gender in
unadjusted regression modelling15.
When considering radiographic data, osteophytes, joint space
narrowing and KL grade correlated with tAB in previous cross-
sectional analyses of OA knees7e9,30. These analyses did not
adjust for the tAB attributable to OA. Our study used OA-
attributable tAB and demonstrated the same statistically signiﬁ-
cant associations, however they did not explain a substantive
proportion of OA-attributable tAB variance in uni- and multi-
variable models. This may reﬂect the lack of sensitivity of tradi-
tional radiographic measures in detecting structural progression
and the additional structural information afforded by the 3D
measure we employed. Indeed approximately 80% of the variance
of OA-attributable tAB was not explained by radiographic cova-
riates. The apparent lack of substantive association with the
A.J. Barr et al. / Osteoarthritis and Cartilage 22 (2014) 1703e17091708radiographic measures may reﬂect the limitations of 2D radio-
graphic imaging. Semi-quantitative MRI scores based on similar 3D
imaging may prove to be more strongly associated with 3D bone
area that is attributable to OA. Unfortunately only 115 OAI kneeMRI
scans have this scoring available in the public domain which
currently precludes an analysis of signiﬁcant size.
Of the three non-KL radiographic variables, osteophytes
explained the largest variance in tAB. This may reﬂect the expan-
sion of subchondral tAB in OA being largely a product of endo-
chondral and direct bone formation in the medial and lateral
peripheral articular cartilage plate12,31.
There are limitations to this study.We have aimed to be cautious
in only presenting substantive associations. The OAI is a large
cohort and therefore we wanted to demonstrate whether signiﬁ-
cant statistical associations were substantiated by a signiﬁcant
proportion of tAB variance explained. Although JSW and KL grades
were available for 4490 participants in the OAI database, we were
limited to approximately 2588 participants by the availability of
osteophyte and sclerosis variables.
Magnetic resonance cannot directly identify the presence of
calcium. In the segmentation of knee DESS-we MRI sequence the
material imaged is assumed to represent bone rather than another
tissue type. Conﬁrmation that these surfaces are actually bone re-
quires further work. Finally the automated segmentation used here
is both accurate and repeatable however all subtle details of
particular diseases may not be identiﬁed32,33. The majority of the
cohort was Caucasianwith smaller numbers of other ethnic groups.
Therefore conclusions cannot be readily generalised to non-
Caucasian groups.
In conclusion, radiographic measures, derived from a single
radiographic projection, are only weakly associated with OA-
attributable bone area measured in 3D. This may reﬂect the addi-
tional 3D MRI structural information, unaccounted for by these 2D
radiographic measures. We also conﬁrmed the substantive allo-
metric relationship of bone area with body size. Future analyses of
bone area as a measure of structural progression should adjust for
OA-attributable bone area.
Author contributions
MB, BD, EH, PC, GP, SK and AB contributed to the planning and
design of this analysis. AB & BD drafted the article and MB, PC, SK
and EH revised the article. All authors approved the ﬁnal version for
publication.
Role of the funding source
This study has been part funded by Arthritis Research UK (Grant
number 20154) and the National Institute for Health Research
(NIHR). Neither sponsor had any involvement in the design,
collection, analysis or interpretation of the data and no role in
writing or submitting this manuscript for publication.
Conﬂict of interest
Dr Bowes is an employee and shareholder of Imorphics Ltd.
Professor Conaghan, Sarah Kingsbury, Bright Dube, Andrew Barr
and Elizabeth Hensor and George Peat have nothing to disclose.
Acknowledgements
This study has been part funded by Arthritis Research UK.
This study has been part funded by the National Institute for
Health Research (NIHR) through the Leeds Musculoskeletal
Biomedical Research Unit. This article/paper/report presents inde-
pendent research funded by the NIHR. The views expressed arethose of the authors and not necessarily those of the NHS, the NIHR
or the Department of Health.
This work was partially funded through WELMEC, a Centre of
Excellence in Medical Engineering funded by the Wellcome Trust
and EPSRC, under grant number WT 088908/Z/09/Z. BD and SRK
are supported by grants from the Wellcome Trust and Engineering
and Physical Sciences Research Council.
The OAI is a public-private partnership comprised of ﬁve con-
tracts (N01-AR-2-2258; N01-AR-2-2259; N01-AR-2-2260; N01-AR-
2-2261; N01-AR-2-2262) funded by the National Institutes of
Health, a branch of the Department of Health and Human Services,
and conducted by the OAI Study Investigators. Private funding
partners include Merck Research Laboratories; Novartis Pharma-
ceuticals Corporation, GlaxoSmithKline; and Pﬁzer, Inc. Private
sector funding for the OAI is managed by the Foundation for the
National Institutes of Health. This manuscript was prepared using
an OAI public use data set and does not necessarily reﬂect the
opinions or views of the OAI investigators, the NIH, or the private
funding partners.
Appendix
Appendix Fig. 4. Directed acyclic graph approach to confounding e a causal path
diagram.
References
1. Bijlsma JW, Berenbaum F, Lafeber FP. Osteoarthritis: an update
with relevance for clinical practice. Lancet 2011;377(9783):
2115e26.
2. Hootman JM, Helmick CG. Projections of US prevalence of
arthritis and associated activity limitations. Arthritis Rheum
2006;54(1):226e9.
3. Felson DT, Lawrence RC, Dieppe PA, Hirsch R, Helmick CG,
Jordan JM, et al. Osteoarthritis: new insights. Part 1: the dis-
ease and its risk factors. Ann Intern Med 2000;133(8):635e46.
4. Guermazi A, Niu J, Hayashi D, Roemer FW, Englund M, Neogi T,
et al. Prevalence of abnormalities in knees detected by MRI in
adults without knee osteoarthritis: population based obser-
vational study (Framingham Osteoarthritis Study). BMJ
2012;345.
5. Hunter DJ, Zhang YQ, Tu X, Lavalley M, Niu JB, Amin S, et al.
Change in joint space width: hyaline articular cartilage loss or
alteration in meniscus? Arthritis Rheum 2006;54(8):2488e95.
6. Reichenbach S, Yang M, Eckstein F, Niu J, Hunter DJ,
McLennan CE, et al. Does cartilage volume or thickness
A.J. Barr et al. / Osteoarthritis and Cartilage 22 (2014) 1703e1709 1709distinguish knees with and without mild radiographic osteo-
arthritis? The Framingham Study. Ann Rheum Dis 2010;69(1):
143e9.
7. Jones G, Ding C, Scott F, Glisson M, Cicuttini F. Early radio-
graphic osteoarthritis is associated with substantial changes in
cartilage volume and tibial bone surface area in both males
and females. Osteoarthritis Cartilage 2004;12(2):169e74.
8. Wluka AE, Wang Y, Davis SR, Cicuttini FM. Tibial plateau size is
related to grade of joint space narrowing and osteophytes in
healthy women and in women with osteoarthritis. Ann Rheum
Dis 2005;64(7):1033e7.
9. Frobell RB, Nevitt MC, Hudelmaier M, Wirth W, Wyman BT,
Benichou O, et al. Femorotibial subchondral bone area and
regional cartilage thickness: a cross-sectional description in
healthy reference cases and various radiographic stages of
osteoarthritis in 1,003 knees from the Osteoarthritis Initiative.
Arthritis Care Res (Hoboken) 2010;62(11):1612e23.
10. Cootes TF, E G, Taylor CJ. Active appearance models. IEEE Trans
Pattern Anal Mach Intell 2001;23(6):681e5.
11. Williams T, Vincent G, Bowes M, Cootes T, Balamoody S,
Hutchinson C, et al. Automatic segmentation of bones and
inter-image anatomical correspondence by volumetric statis-
tical modelling of knee MRI. In: Proceedings of the 2010 IEEE
International Conference on Biomedical Imaging: From Nano
to Macro. Rotterdam, Netherlands: IEEE Press; 2010:432e5.
12. Bowes MA, Vincent GR, Wolstenholme CB, Conaghan PG.
A novel method for bone area measurement provides new
insights into osteoarthritis and its progression. Ann Rheum Dis
2013 Dec 4, http://dx.doi.org/10.1136/annrheumdis-2013-
204052. [Epub ahead of print].
13. Karsdal MA, Bay-Jensen AC, Lories RJ, Abramson S, Spector T,
Pastoureau P, et al. The coupling of bone and cartilage turnover
in osteoarthritis: opportunities for bone antiresorptives and
anabolics as potential treatments? Ann Rheum Dis 2014;73(2):
336e48.
14. Ding C, Cicuttini F, Jones G. Tibial subchondral bone size and
knee cartilage defects: relevance to knee osteoarthritis. Oste-
oarthritis Cartilage 2007;15(5):479e86.
15. Otterness IG, Eckstein F. Women have thinner cartilage and
smaller joint surfaces than men after adjustment for body
height and weight. Osteoarthritis Cartilage 2007;15(6):
666e72.
16. Otterness IG, Le Graverand MP, Eckstein F. Allometric re-
lationships between knee cartilage volume, thickness, surface
area and body dimensions. Osteoarthritis Cartilage
2008;16(1):34e40.
17. OAI Study Protocol. http://oaiepi-ucsforg/datarelease/docs/
StudyDesignProtocolpdf.
18. Peterfy CG, Schneider E, Nevitt M. The osteoarthritis initiative:
report on the design rationale for the magnetic resonance
imaging protocol for the knee. Osteoarthritis Cartilage
2008;16(12):1433e41.19. Hunter DJ, Bowes MA, Eaton CB, Holmes AP, Mann H,
Kwoh CK, et al. Can cartilage loss be detected in knee osteo-
arthritis (OA) patients with 3-6 months' observation using
advanced image analysis of 3T MRI? Osteoarthritis Cartilage
2010;18(5):677e83.
20. Eckstein F, Ateshian G, Burgkart R, Burstein D, Cicuttini F,
Dardzinski B, et al. Proposal for a nomenclature for magnetic
resonance imaging based measures of articular cartilage in
osteoarthritis. Osteoarthritis Cartilage 2006;14(10):974e83.
21. Reichmann WM, Maillefert JF, Hunter DJ, Katz JN,
Conaghan PG, Losina E. Responsiveness to change and reli-
ability of measurement of radiographic joint space width in
osteoarthritis of the knee: a systematic review. Osteoarthritis
Cartilage 2011;19(5):550e6.
22. Duryea J, Li J, Peterfy CG, Gordon C, Genant HK. Trainable rule-
based algorithm for the measurement of joint space width in
digital radiographic images of the knee. Med Phys 2000;27(3):
580e91.
23. OAI Imaging Assessment. http://oaiepi-ucsforg/image
assessmentsasp.
24. Bierma-Zeinstra SM, Koes BW. Risk factors and prognostic
factors of hip and knee osteoarthritis. Nat Clin Pract Rheu-
matol 2007;3(2):78e85.
25. Zhang W, McWilliams DF, Ingham SL, Doherty SA, Muthuri S,
Muir KR, et al. Nottingham knee osteoarthritis risk prediction
models. Ann Rheum Dis 2011;70(9):1599e604.
26. Shrier I, Platt RW. Reducing bias through directed acyclic
graphs. BMC Med Res Methodol 2008;8:70.
27. Wang Y, Wluka AE, Davis S, Cicuttini FM. Factors affecting
tibial plateau expansion in healthy women over 2.5 years: a
longitudinal study. Osteoarthritis Cartilage 2006;14(12):
1258e64.
28. Russo CR, Lauretani F, Bandinelli S, Bartali B, Di Iorio A,
Volpato S, et al. Aging bone in men and women: beyond
changes in bone mineral density. Osteoporos Int 2003;14(7):
531e8.
29. Ding C, Cicuttini F, Scott F, Cooley H, Jones G. Association be-
tween age and knee structural change: a cross sectional MRI
based study. Ann Rheum Dis 2005;64(4):549e55.
30. Eckstein F, Wirth W, Hunter DJ, Guermazi A, Kwoh CK,
Nelson DR, et al. Magnitude and regional distribution of
cartilage loss associated with grades of joint space narrowing
in radiographic osteoarthritisedata from the Osteoarthritis
Initiative (OAI). Osteoarthritis Cartilage 2010;18(6):760e8.
31. Felson DT, Neogi T. Osteoarthritis: is it a disease of cartilage or
of bone? Arthritis Rheum 2004;50(2):341e4.
32. Wang Y, Wluka AE, Cicuttini FM. The determinants of change
in tibial plateau bone area in osteoarthritic knees: a cohort
study. Arthritis Res Ther 2005;7(3):R687e93.
33. Eckstein F, Hudelmaier M, Cahue S, Marshall M, Sharma L.
Medial-to-lateral ratio of tibiofemoral subchondral bone area
is adapted to alignment and mechanical load. Calcif Tissue Int
2009;84(3):186e94.
